Research in contextEvidence before this studyFDA has approved three PARP inhibitors and three CDK4/6 inhibitors in recent years, for recurrent ovarian cancer and advanced ER-positive breast cancer, respectively. A large number of early-stage clinical trials examining PARPi-based or CDK4/6i-based combination therapies are currently under way in a variety of human malignancies including ovarian cancer. However, none of these trials involves a combination of these two classes of inhibitors, likely due to a lack of reliable biomarkers that are predictive of therapeutic response.Added value of this studyWe demonstrate the therapeutic synergy between PARP and CDK4/6 inhibition and identify MYC status as a determinant of sensitivity to combined use of Olaparib and Palbociclib in ovarian cancer cell lines including those with high-grade serous histology.Implications of all the available evidenceOur finding of MYC-dependent therapeutic synergy between PARP and CDK4/6 inhibitors may warrant clinical assessment with a potential to benefit ovarian cancer patients whose tumors harbor MYC amplification and/or overexpression.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Ovarian cancer is one of the deadliest gynecological diseases, accounting for over 140,000 deaths annually worldwide \[[@bb0005], [@bb0010], [@bb0015]\]. Despite initial high response rates to cytoreductive surgery followed by platinum-taxane chemotherapy, \>70% of these patients will relapse with limited subsequent treatment options \[[@bb0020],[@bb0025]\]. Three PARP inhibitors (PARPi), Olaparib, Rucaparib and Niraparib, have been approved by the FDA for the treatment of recurrent ovarian cancers \[[@bb0030]\]. The clinical use of this class of drugs has the potential to favorably change the treatment outcomes of gynecological malignancies. Approximately 50% of epithelial ovarian cancers exhibit defective DNA repair *via* homologous recombination (HR) \[[@bb0035],[@bb0040]\]. PARP inhibitors exploit the fundamental vulnerability of ovarian cancer with homologous recombination repair deficiency and have showed promising anti-tumor effect on ovarian cancers with deleterious *BRCA1/2* mutations or BRCAness \[[@bb0025],[@bb0030],[@bb0045], [@bb0050], [@bb0055], [@bb0060]\]. Increasing evidence also indicates the efficacy of PARP inhibitors in ovarian cancers in the absence of *BRCA1/2* mutations, presumably resulting from other molecular deficiencies in HR repair \[[@bb0065], [@bb0070], [@bb0075]\]. Indeed, emerging novel combination therapeutic strategies designed to selectively disrupt HR repair in cancer cells and render vulnerabilities to PARP inhibitors have been evaluated preclinically and in early clinical trials of a variety of cancer types including ovarian cancer \[[@bb0030],[@bb0045],[@bb0050]\].

Inhibitors of cyclin-dependent kinases 4/6 (CDK4/6) have emerged as a powerful class of agents for cancer treatment \[[@bb0080]\]. When used in combination with endocrine therapy, CDK4/6 inhibitors have promising clinical activity in metastatic estrogen receptor-positive (ER^+^), HER2-negative (HER2^−^) breast cancers \[[@bb0080],[@bb0085]\]. Blocking CDK4/6 will lead to the suppression of retinoblastoma protein (RB) phosphorylation and concomitant inhibition of G1-S cell-cycle progression through repressing E2F-mediated transcription \[[@bb0090]\]. Additional CDK4/6 inhibitor based-combination treatments have been studied in preclinical models of multiple tumor types, many of which are now the subject of ongoing clinical trials ([*www.clinicaltrials.gov*](http://www.clinicaltrials.gov){#ir0005}), including those in combination with chemotherapy in ER^+^/HER2^−^ breast cancer, with T-DM1 in HER2^+^ breast cancer, with androgen antagonists (*e.g.* enzalutamide) in prostate cancer, with MEK inhibitors in melanoma and with ibrutinib in mantle cell lymphoma.

While PARPi and CDK4/6i, both classes of agents, have shown promising clinical benefits, extending the utility of these inhibitors beyond their respective molecularly defined cancers to circumvent intrinsic or acquired drug resistance is quite challenging and will likely require predictive biomarkers of treatment response especially when used in combination \[[@bb0030],[@bb0095]\]. In the current study, we investigated the efficacy of the combination of PARP inhibitor Olaparib and CDK4/6 inhibitor Palbociclib against ovarian cancer.

2. Materials and methods {#s0025}
========================

2.1. Cell culture and reagents {#s0030}
------------------------------

PA-1 (\#CRL-1572, RRID: CVCL_0479), CAOV3 (\#HTB-75, RRID: CVCL_0201), SKOV3 (\#HTB-77, RRID: CVCL_0532) human ovarian cancer cell lines were purchased from ATCC (Manassas, USA). SNU119 (\#HTX2624, RRID: CVCL_5014) and COV362 (\#HTX3065, RRID: CVCL_2420) human ovarian cancer cell lines were purchased from Otwo Biotech (China). IGROV1, OVCA433, HEYA8, OVCAR5, EFO27, OVCAR8, and A2780 human ovarian cancer cell lines were obtained from Dr. Jean Zhao at Dana-Farber Cancer Institute, Harvard Medical School. Cells were maintained in culture media (OVCA433, PA-1, SKOV3, HEYA8, CAOV3, OVCAR5, EFO27, and OVCAR8 cells in Dulbecco\'s Modified Eagle Medium; A2780, IGROV1, SNU119, and COV362 cells in RPMI-1640 Medium) supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 units/ml) at 37 °C and 5% CO~2~. Olaparib (AZD2281) and Palbociclib (PD-0332991) were purchased from Chemexpress (China).

2.2. Cell viability assay and determination of drug synergy {#s0035}
-----------------------------------------------------------

Cell viability was assayed using the cell counting kit-8 assay according to the manufacturer\'s protocol (Dojindo Molecular Technologies, Japan). Synergistic effects were determined by the Chou-Talalay method to calculate the combination index (CI) \[[@bb0100]\].

2.3. Clonogenic assay {#s0040}
---------------------

Cells were seeded on plates and cultured for 24 h before the initiation of drug treatment. Fresh media containing drugs were replaced every 3 days. At the end point, cells were washed with phosphate buffered solution and subsequently stained with 5% crystal violet for 1 h. Images of stained plates were captured using Molecular Imager (USA). The optical absorbance of bound crystal violet (dissolved in 50% acetic acid) was measured at 570 nm by Multi-functional microplate reader Enspire230 (Perkin Elmer, USA).

2.4. Three-dimensional sphere assay {#s0045}
-----------------------------------

Three-dimensional sphere culture experiments were performed as previously described \[[@bb0105]\]. Cells were seeded on plates with 50% precoated matrigel (BD Biosciences, USA) plus 50% of medium without serum. Culture medium supplemented with 5% fetal bovine serum and 2% matrigel was replaced every 3 days. Three-dimensional culture experiments were imaged by inverted phase contrast microscope (Leica Microsystems, Germany) and scored according to 3D structure integrity. Over 100 structures were scored for each type of drug treatment.

2.5. Western blot analysis {#s0050}
--------------------------

Cells were harvested in RIPA lysis buffer containing a proteinase cocktail (Thermo Scientific, USA). Cell lysates were then analyzed by western blot. Antibodies against Cleaved-PARP (\#5625, RRID: [AB_10699459](nif-antibody:AB_10699459){#ir0010}), MYC (\#5605, RRID: [AB_1903938](nif-antibody:AB_1903938){#ir0015}) and phosphorylated Rb (Serine 807/811) (\#8516, RRID: [AB_11178658](nif-antibody:AB_11178658){#ir0020}) were from Cell Signaling Technology (USA). Vinculin (\#V9131, RRID: [AB_477629](nif-antibody:AB_477629){#ir0025}) was from Sigma-Aldrich (USA). Immunofluorescently labeled secondary antibodies to rabbit-IgG (Molecular Probes, USA) or mouse-IgG (Rockland Immunochemicals, USA) were used. Western blots were imaged with Odyssey (LI-COR Biosciences, USA). MYC protein abundance was quantified using Image Studio software (LI-COR Biosciences) and normalized to Vinculin.

2.6. Flow cytometry analysis {#s0055}
----------------------------

Apoptosis in ovarian cancer cells was analyzed with Annexin V-FITC Apoptosis Detection Kit (Dojindo Molecular Technologies, Japan) according to manufacturer\'s instructions. Briefly, cultured cells were trypsinized with 0.25% trypsin without EDTA, and then stained with Annexin V-FITC and Propidium iodide (PI) solution. Stained cells were subjected to flow cytometry analysis on BD FACS Aria II (BD Biosciences, USA).

2.7. RNA sequencing (RNA-Seq) analysis {#s0060}
--------------------------------------

RNAs isolated from A2780 cells were treated with DMSO, Olaparib, Palbociclib, and their combination (Ola/Palb) for 24 h. The RNA-Seq analysis was performed by Novogene (China). Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer\'s recommendations. Heat map was drawn using individual genes from HR repair pathway with 'pheatmap' package. Parametric *t*-test *P* values and false discovery rate (FDR) values were reported for each gene. GSEA was performed by the JAVA program (<http://software.broadinstitute.org/gsea/index.jsp>) using MSigDB Hallmark and KEGG gene set collection. 1000 random sample permutations were carried out, and the significance threshold was set at *P* value \< 0.05 and nominal FDR \< 0.05. The RNA-seq dataset was deposited to the Gene Expression Omnibus (GEO) with accession number [GSE126998](ncbi-geo:GSE126998){#ir0035}.

2.8. Quantitative reverse transcription-PCR analysis {#s0065}
----------------------------------------------------

RNA was extracted using Trizol (Life Technologies, USA). Reverse transcription reaction was performed using PrimeScript RT Master Mix kit (Takara, Japan). Quantitative PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, USA) on Mx3005P real-time PCR system (Aglient, USA). Gene expression was normalized to *ACTB.* The following primers were used:*ACTB*5′-CATGTACGTTGCTATCCAGGC-3′(Forward)5′-CTCCTTAATGTCACGCACGAT-3′(Reverse)*RAD51*5′-GGTCTGGTGGTCTGTGTTGA-3′(Forward)5′-GGTGAAGGAAAGGCCATGTA-3′(Reverse)*BRCA1*5′-GTCCCATCTGTCTGGAGTTGA-3′(Forward)5′-AAAGGACACTGTGAAGGCCC-3′(Reverse)*BRCA2*5′-TGCCTGAAAACCAGATGACTATC-3′(Forward)5′-AGGCCAGCAAACTTCCGTTTA-3′(Reverse)*LDHA*5′-ATGTTGCTGGTGTCTCTCTGAAG-3′(Forward)5′-GCCCAGGATGTGTAGCCT-3′(Reverse)*ODC1*5′-AGCCATCGTGAAGACCCTTG-3′(Forward)5′-TGCATAGATAATCCTCTCTGGAGGC-3′(Reverse)*MYC*5′-AGGGTCAAGTTGGACAGTGTCA-3′(Forward)5′-TGGTCGATTTTCGGTTGTTG-3′(Reverse)

2.9. Immunofluorescence staining analysis {#s0070}
-----------------------------------------

Cells were fixed with 4% formaldehyde in PBS after drug treatment, blocked using 5% BSA, and permeabilized with 0.1% Triton X-100. RAD51 (\#ab133534, RRID: [AB_2722613](nif-antibody:AB_2722613){#ir0040}) antibody was from Abcam (UK). γH2AX (\#2577, RRID: [AB_2118010](nif-antibody:AB_2118010){#ir0045}) antibody was from Cell Signaling Technology (USA). DAPI was from Sigma-Aldrich (USA). Fluorescent secondary antibodies were used and images were captured with a fluorescence microscope (Olympus, Japan).

2.10. Comet assay {#s0075}
-----------------

A comet assay was performed as previously described \[[@bb0110]\]. 200 randomly selected cells were analyzed using Casplab software. The level of DNA damage was presented as percentage of DNA in tail. Images were captured with a fluorescence microscope (Olympus, Japan).

2.11. Metaphase chromosome spread assay {#s0080}
---------------------------------------

Cells were treated with colchicine (0.5 μg/ml) (Coolaber, China) for 6 h prior to harvest. Metaphase spreads were prepared as described previously \[[@bb0115]\]. Images were captured with a fluorescence microscope (Olympus, Japan).

2.12. siRNA and plasmids {#s0085}
------------------------

The siRNA reagents were purchased from GenePharma (Suzhou, China). Lipofectamine 2000 (Invitrogen, USA) was used to transfect on-target (human *MYC*: 5′-GCTTGTACCTGCAGGATCT-3′) and negative control siNC into the cells according to the manufacturer\'s protocol. The retroviral vectors used in this study were MSCV PIG (Puro IRES GFP) (\#18751, RRID: Addgene_18751) and pMSCVpuro-Flag-cMyc T58A (\#20076, RRID: Addgene_20076).

2.13. Xenograft models and *in vivo* drug treatment studies {#s0090}
-----------------------------------------------------------

Eight-week-old female nude mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (China) and maintained in a pathogen-free environment. All animal procedures were conducted under the approval of the Animal Care and Use Committee of Dalian Medical University. Mice were inoculated subcutaneously with a mixture of 5 × 10^5^ A2780 cells and matrigel per injection site. The drug treatment started when the tumor xenografts reached approximately 75 mm^3^. Palbociclib was dissolved in 50 mM sodium lactate solution and administered *via* oral gavage at 125 mg/kg/day. Olaparib was dissolved in 10% hydroxypropyl-β-cyclodextrin for intraperitoneal administration and dosed at 50 mg/kg/day. Tumors were measured every other day with digital calipers and calculated using the following formula: tumor volume = (length × width^2^)/2.

2.14. Histological and Immunohistochemical staining analysis {#s0095}
------------------------------------------------------------

Tumors were fixed in 10% buffered formalin overnight before paraffin embedding. Paraffin blocks were sectioned and stained with haematoxylin and eosin (H&E). The value for tumor cell density was calculated as the number of tumor cells per mm^2^. For immunohistochemical staining analysis, antibodies against Cleaved-Caspase-3 (\#9661, RRID: [AB_2341188](nif-antibody:AB_2341188){#ir0050}), γH2AX (\#2577, RRID: [AB_2118010](nif-antibody:AB_2118010){#ir0055}), and phosphorylated Rb (Serine 807/811) (\#8516, RRID: [AB_11178658](nif-antibody:AB_11178658){#ir0060}) were from Cell Signaling Technology (USA). Antibodies against Ki67 (\#ab15580, RRID: [AB_443209](nif-antibody:AB_443209){#ir0065}) and RAD51 (\#ab133534, RRID: [AB_2722613](nif-antibody:AB_2722613){#ir0070}) were from Abcam (UK). Antibodies against MYC (\#10828-1-AP, RRID: [AB_2148585](nif-antibody:AB_2148585){#ir0075}) was from Proteintech (USA). For each tumor sample, 3--5 random 40 × fields were scored. Digital images were submitted for quantitative image analysis using Image Pro-plus software.

2.15. Statistical analysis {#s0100}
--------------------------

Unpaired Student\'s *t-*test and one way ANOVA with Tukey\'s multiple-comparisons tests were performed using GraphPad Prism software for analysis of the data obtained *in vitro* and *in vivo*, respectively. *P* value \<0.05 was considered as statistical significance.

3. Results {#s0105}
==========

3.1. Olaparib and Palbociclib synergize to inhibit the growth of a subset of ovarian cancer cells *in vitro* {#s0110}
------------------------------------------------------------------------------------------------------------

To evaluate the effects of concomitant inhibition of PARP and CDK4/6, we assessed the response of a panel of ovarian cancer cell lines to Olaparib and Palbociclib as single-agents or in combination. Following 72-h drug treatment, the cytotoxic effects were determined by CCK-8 assay followed by median-effect analysis. Of twelve ovarian cancer cell lines tested, five lines (EFO27, OVCAR8, A2780, SNU119, and COV362) demonstrated synergy as assessed by the CalcuSyn model ([Fig. 1](#f0005){ref-type="fig"}a and Supplementary Fig. 1). We further examined the synergistic growth inhibitory effects of the combination treatment in these cell lines by clonogenic survival assays. Compared to single-agents, combined use of Olaparib and Palbociclib induced a significantly stronger inhibitory effect on the growth of EFO27, OVCAR8, A2780, SNU119, and COV362 cells whereas similar observations were not seen in the other cell lines examined ([Fig. 1](#f0005){ref-type="fig"}b and Supplementary Fig. 2). Together, these data indicate that the combination of PARPi and CDK4/6i has synergistic activity against a subset of ovarian cancer cell lines.Fig. 1Effects of Olaparib and Palbociclib as single-agents or in combination on the growth of ovarian cancer cell lines *in vitro*. (a) Dose-response curves of Olaparib or Palbociclib alone or combined in a panel of 12 ovarian cancer cell lines treated with varying concentrations of Olaparib and Palbociclib for 72 h. Combination index (CI) was calculated using CalcuSyn software with the Chou-Talalay equation. (b) EFO27, OVCAR8, A2780, SNU119, and COV362 ovarian cancer cell lines were treated with drugs for 7--10 days. Fresh medium with drugs was replaced every 3 days. At the end point, plates were fixed and stained with crystal violet stain. Representative images of plates are shown. Error bars represent standard deviations (S.D.) from the mean. EFO27, OVCAR8 and A2780: Olaparib (Ola), 2 μM; Palbociclib (Palb), 1 μM. SNU119 and COV362: Olaparib, 8 μM; Palbociclib, 4 μM. (c) Ovarian cancer cell lines were cultured in 3D matrigel and drug-treated for 10--15 days. Representative images of cells are shown. Quantification of scored structures (intact, semi-disintegrated and disintegrated) is shown. Scale bar, 200 μm. EFO27, OVCAR8, and A2780: Olaparib, 1 μM; Palbociclib, 0.5 μM. SNU119 and COV362: Olaparib, 4 μM; Palbociclib, 2 μM. (d) Ovarian cancer cell lines were drug-treated as indicated for 48 h. Flow cytometric analysis of Annexin V and propidium iodide (PI) stained cells was conducted to evaluate apoptosis. EFO27, OVCAR8 and A2780: Olaparib, 2 μM; Palbociclib, 1 μM. SNU119 and COV362: Olaparib, 8 μM; Palbociclib, 4 μM. Mean ± S.D. for three independent experiments are shown. *\*P* \< 0.05; *\*\*P* \< 0.01; *\*\*\*P* \< 0.001 (Student\'s *t-*test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

To assess the drug effects in conditions that more closely mimic tumor microenvironment during cancer formation and progression *in vivo* \[[@bb0120]\], we subjected the five ovarian cancer cell lines (EFO27, OVCAR8, A2780, SNU119, and COV362) to culture as 3D spheroids in matrigel. While Olaparib and Palbociclib as single-agents each induced spheroid disintegration to a pronounced degree, the combination treatment led to a more substantial structural disintegration in all five ovarian cancer cell lines tested ([Fig. 1](#f0005){ref-type="fig"}c). Consistent with drug-induced therapeutic effect, combined use of Olaparib and Palbociclib but not either agent alone induced substantial apoptotic cell death as determined by flow cytometric Annexin V/PI measurement ([Fig. 1](#f0005){ref-type="fig"}d). Consistently, western blot analysis revealed a substantial increased abundance of cleaved PARP in cells treated with Olaparib and Palbociclib (Supplementary Fig. 3). These data provide further evidence for the synergistic effect of PARPi and CDK4/6i in ovarian cancer cells.

3.2. Palbociclib downregulates the expression of homologous recombination pathway genes, sensitizing ovarian cancer cells to PARP inhibition {#s0115}
--------------------------------------------------------------------------------------------------------------------------------------------

The synergistic activity of PARPi and CDK4/6i prompted us to examine whether CDK4/6 inhibition may act in a synthetic lethal manner with PARP inhibition through inducing homologous recombination (HR) repair deficiency. For this, we assessed the effect of Palbociclib on the expression of HR repair pathway genes. Here we used A2780 cells, a combination treatment-responsive ovarian cancer cell line ([Fig. 1](#f0005){ref-type="fig"}), and subjected them to drug treatments followed by RNA-sequencing. Gene set enrichment analysis (GSEA) revealed a strong negative association of Palbociclib with E2F-target genes ([Fig. 2](#f0010){ref-type="fig"}a), thus consistent with the effect of CDK4/6 inhibition on repressing E2F-mediated transcription \[[@bb0090]\]. Further data analysis also identified a highly significant negative association between Palbociclib and HR repair pathway gene signature in A2780 ovarian cancer cells ([Fig. 2](#f0010){ref-type="fig"}a), with many HR repair pathway genes being strongly downregulated upon Palbociclib single-agent or in combination with Olaparib ([Fig. 2](#f0010){ref-type="fig"}b and Supplementary Fig. 4). Subsequent quantitative reverse transcription-PCR (qRT-PCR) analysis confirmed the remarkable downregulation of key HR repair pathway genes including *BRCA1*, *BRCA2* and *RAD51*, in A2780, EFO27, OVCAR8, SNU119, and COV362 ovarian cancer cells treated with Palbociclib ([Fig. 2](#f0010){ref-type="fig"}c). We also noticed a further downregulation of these genes in cells treated with Palbociclib and Olaparib in combination ([Fig. 2](#f0010){ref-type="fig"}c). The fact that CDK4/6 inhibition induces downregulation of HR repair genes prompted us to hypothesize that CDK4/6 inhibition by Palbociclib may induce HR repair deficiency and confer sensitivity to Olaparib in a synthetic lethal manner.Fig. 2CDK4/6 inhibition by Palbociclib results in downregulation of E2F targets and homologous recombination repair pathway genes. (a) GSEA of E2F and homologous recombination gene signatures in Palbociclib-treated A2780 cells *versus* control cells. Bars represent individual genes in a ranked data set list. NES, normalized enrichment score. (b) Heat map expression plot of 22 downregulated HR repair pathway genes in A2780 cells treated with vehicle or Palbociclib for 24 h. The gene expression was calculated according to the FPKM value. *P* value \<0.05 and FDR \< 0.05. (c) Quantitative reverse transcription PCR analysis of *BRCA1*, *BRCA2* and *RAD51* mRNA expression in ovarian cancer cells treated with drugs as indicated for 24 h. Mean ± S.D. for three independent experiments are shown. A2780, EFO27 and OVCAR8: Olaparib, 2 μM; Palbociclib, 1 μM. SNU119 and COV362: Olaparib, 8 μM; Palbociclib, 4 μM. Mean ± S.D. for three independent experiments are shown. *\*P* \< 0.05; *\*\*P* \< 0.01; *\*\*\*P* \< 0.001 (Student\'s *t-*test).Fig. 2

3.3. Palbociclib treatment results in HR deficiency, synergizing with Olaparib to induce DNA damage and genome instability {#s0120}
--------------------------------------------------------------------------------------------------------------------------

To test our hypothesis, we first explored a direct link between CDK4/6i- mediated inhibition of HR repair pathway gene expression and defective HR repair. Immunofluorescence staining analysis revealed that compared with vehicle, Palbociclib alone and, to a more significant extent in combination with Olaparib, reduced RAD51 nuclear foci (a marker for the competency of homologous recombination repair) but increased γH2AX nuclear foci (a surrogate marker for DNA double strand breaks, DSBs) ([Fig. 3](#f0015){ref-type="fig"}a). These results indicated that CDK4/6 inhibition may induce deficiency in homologous recombination repair of DSBs, a potential mechanism underlying synthetic lethality with PARP inhibition. We next examined whether CDK4/6i would increase PARPi-induced DNA damage by using a comet assay. Whereas Olaparib or Palbociclib modestly induced DNA damage, the combination treatment induced accumulation of damaged DNA ([Fig. 3](#f0015){ref-type="fig"}b). We also used a metaphase chromosome spread assay to assess the impact of combined PARPi and CDK4/6i on genome integrity. Compared with single-agents or vehicle, Olaparib and Palbociclib in combination induced significantly more aberrant chromosome structures (abnormal chromosome numbers, chromosome breaks and disjunction figures) ([Fig. 3](#f0015){ref-type="fig"}c), features of genomic instability. These results, together with the synergistic cytotoxicity data ([Fig. 1](#f0005){ref-type="fig"}), are consistent with the hypothesis that CDK4/6i is synthetic lethal with PARPi through inducing HR repair deficiency.Fig. 3The combination of Olaparib and Palbociclib results in reduced formation of RAD51 foci and induces DNA damage and chromosome instability in ovarian cancer cell lines. (a) Representative images of immunofluorescent staining of γH2AX and RAD51 in ovarian cancer cell lines treated with drugs as indicated for 48 h. Scale bar, 20 μm. Cells containing more than five foci were scored as positive. Means ± S.D. for three independent experiments are shown. (b) DNA damage was measured by comet assay in ovarian cancer cells (A2780, EFO27, OVCAR8, SNU119, and COV362) treated with drugs as indicated for 48 h. Scale bar, 50 μm. Quantification of DNA in the tail from three independent experiments is shown as mean ± S.D. (c) Metaphase spread analysis of chromosome aberrations in A2780, EFO27, OVCAR8, SNU119, and COV362 cells after drug treatment for 48 h. Mean ± S.D. for three independent experiments are shown. Representative metaphase spreads are shown. A2780, EFO27 and OVCAR8: Olaparib, 2 μM; Palbociclib, 1 μM. SNU119 and COV362: Olaparib, 8 μM; Palbociclib, 4 μM. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (Student\'s *t-*test).Fig. 3

3.4. MYC expression determines synergistic response to combined PARPi and CDK4/6i {#s0125}
---------------------------------------------------------------------------------

We next sought to investigate the molecular mechanism underlying the differential treatment responses to combined PARPi and CDK4/6i. Further gene set enrichment analysis of the RNA-seq data revealed a highly significant negative association between MYC target gene signature and Palbociclib alone or in combination with Olaparib in A2780 ovarian cancer cells, with many MYC targets being strongly downregulated upon drug treatments ([Fig. 4](#f0020){ref-type="fig"}a). Subsequent qRT-PCR analysis confirmed that the treatment with Palbociclib alone or in combination with Olaparib resulted in remarkable downregulation of well-described MYC transcriptional targets *LDHA* and *ODC1* \[[@bb0125],[@bb0130]\] in the five PARPi-CDK4/6i responsive cell lines (A2780, EFO27, OVCAR8, SNU119, and COV362) ([Fig. 4](#f0020){ref-type="fig"}b). Concordantly, a substantial reduction of *MYC* protein abundance was detected in cells treated with Palbociclib alone or in combination with Olaparib (Supplementary Fig. 5). These results prompted us to examine the correlation of MYC expression levels with the treatment response to combined PARPi-CDK4/6i. To further look into this, we conducted western blot analysis of MYC protein abundance in the twelve ovarian cancer cell lines whose treatment response to combined use of Olaparib and Palbociclib was evaluated as shown in [Fig. 1](#f0005){ref-type="fig"} and supplementary Fig. 1--2. We found that combination treatment-responsive cell lines (A2780, EFO27, OVCAR8, SNU119, and COV362) have significantly higher MYC protein levels than those non-responsive cell lines ([Fig. 4](#f0020){ref-type="fig"}c and Supplementary Fig. 6). Together, these data raised the possibility that MYC expression may determine treatment response to combined PARPi-CDK4/6i.Fig. 4CDK4/6 inhibition by Palbociclib results in downregulation of MYC targets, sensitizing ovarian cancer cells to PARP inhibition by Olaparib. (a) GSEA of MYC gene signatures in Palbociclib-treated (left panels) or Ola/Palb-treated (right panels) A2780 cells compared to Vehicle-treated cells. (b) Quantitative reverse transcription PCR analysis of *LDHA* and *ODC1* mRNA expression in A2780, EFO27, OVCAR8, SNU119, and COV362 ovarian cancer cell lines treated with drugs as indicated for 24 h. Mean ± S.D. for three independent experiments are shown. A2780, EFO27 and OVCAR8: Olaparib, 2 μM; Palbociclib, 1 μM. SNU119 and COV362: Olaparib, 8 μM; Palbociclib, 4 μM. (c) Normalized abundance of MYC protein in ovarian cancer cell lines that were grouped according to their treatment response to Olaparib and Palbociclib in combination (see Supplementary Fig. 6 for western blot analysis of MYC protein levels and [Fig. 1](#f0005){ref-type="fig"} for treatment response data). (d) The synergistic effect of concomitant PARP and CDK4/6 inhibition in A2780, EFO27, OVCAR8, SNU119, and COV362 ovarian cancer cells was measured by cell viability assay after 72 h treatment. Western blot analysis of MYC protein levels in ovarian cancer cells with or without *MYC*-knockdown was shown. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (Student\'s *t-*test).Fig. 4

We next determined whether MYC influences tumor response to Olaparib and Palbociclib in combination. MYC knockdown abrogated the synergistic growth inhibitory effect on A2780, EFO27, OVCAR8, SNU119, and COV362 cells ([Fig. 4](#f0020){ref-type="fig"}d). Conversely, enforced expression of *MYC T58A*, a stabilized form of MYC \[[@bb0135]\], sensitized otherwise non-responsive IGROV1 and SKOV3 cells to combined PARPi-CDK4/6i and induced strong apoptotic cell death ([Fig. 5](#f0025){ref-type="fig"}a and b). Similarly, IGROV1 and SKOV3 cells with enforced expression of *MYC T58A* also exhibited significantly reduced expression of *BRCA1*, *BRCA2* and *RAD51*, increased accumulation of γH2AX foci (DNA double-strand break marker) and decreased RAD51 foci in response to CDK4/6 inhibition by Palbociclib single-agent and to a greater extent in combination with Olaparib ([Fig. 5](#f0025){ref-type="fig"}c and d). Notably, *MYC T58A* overexpression caused significantly increased *BRCA1* expression in both IGROV1 and SKOV3 cells, and also markedly increased expression of *BRCA2* and *RAD51* in IGROV1 but not SKOV3 cells (Supplementary Fig. 7). Comparable to the effects observed in ovarian cancer cells with high levels of endogenous MYC, Palbociclib alone or in combination with Olaparib also resulted in a significant reduction in the abundance of ectopically expressed MYC protein in IGROV1 and SKOV3 cells (Supplementary Fig. 8). Conversely, MYC knockdown resulted in significantly downregulated expression of *BRCA1, BRCA2 and RAD51* to a varying degree (Supplementary Fig. 9). Collectively, these data suggest that CDK4/6i may induce HR repair deficiency through downregulation of MYC and its transcriptionally regulated HR repair pathway genes, causing synthetic lethality with Olaparib. Notably, however, as Palbociclib single-agent or in combination with Olaparib led to diminished phosphorylated Rb signals in all ovarian cancer cell lines examined regardless of treatment response (Supplementary Fig. 10a and b), inhibition of Rb phosphorylation was not sufficient to predict the synergistic activity of PARPi and CDK4/6i.Fig. 5Ectopic expression of MYC sensitizes ovarian cancer cell lines to the combination of Olaparib and Palbociclib. (a) The synergistic effect of Olaparib and Palbociclib in IGROV1 and SKOV3 ovarian cancer cell lines with or without *MYCT58A* overexpression was measured by cell viability assay after 72 h treatment. Western blot of MYC protein levels in cells as indicated. (b) Flow cytometric analysis of Annexin V and propidium iodide (PI) stained cells (IGROV1 and SKOV3 engineered with vector or MYCT58A overexpression, respectively) to evaluate apoptosis. (c) Quantitative reverse transcription PCR analysis of *BRCA1*, *BRCA2* and *RAD51* expression in ovarian cancer cell lines with or without MYCT58A overexpression, treated with drugs as indicated for 24 h. Mean ± S.D. for three independent experiments are shown. (d) Representative images of immunofluorescent staining of γH2AX and RAD51 in ovarian cancer cell lines treated with drugs as indicated for 48 h. Scale bar, 20 μm. Cells containing more than five foci were scored as positive. Mean ± S.D. for three independent experiments are shown. Olaparib, 2 μM; Palbociclib, 1 μM. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (Student\'s *t-*test).Fig. 5

3.5. Combined use of Olaparib and Palbociclib is effective *in vivo* {#s0130}
--------------------------------------------------------------------

We next evaluated the efficacy of Olaparib and Palbociclib in combination *in vivo.* The activity of the drug combination was examined using the xenograft mouse model of A2780 cells, an ovarian cancer cell line with high abundance of endogenous MYC protein ([Fig. 4](#f0020){ref-type="fig"}c and Supplementary Fig. 6). While single-agent Olaparib or Palbociclib had limited activity, the combination treatment significantly slowed down the tumor growth ([Fig. 6](#f0030){ref-type="fig"}a and b). As determined by the histological analysis, the combination treatment caused substantially reduced Ki67 (a proliferation marker) but increased Cleaved-Caspase 3 (an apoptosis marker) staining positive cells ([Fig. 6](#f0030){ref-type="fig"}c). Thus, decreased proliferation and increased apoptosis may, at least in part, explain for the objective treatment response to the combined PARPi-CDK4/6i. The target inhibition of CDK4/6 kinase activity *in vivo* was achieved as single-agent Palbociclib sufficiently suppressed Rb phosphorylation ([Fig. 6](#f0030){ref-type="fig"}c). In line with our *in vitro* results, CDK4/6 inhibition by Palbociclib resulted in markedly reduced MYC expression, and the addition of Olaparib led to nearly diminished MYC levels ([Fig. 6](#f0030){ref-type="fig"}c). Concordantly, combined use of Olaparib and Palbociclib resulted in a substantial increase in the formation of γH2AX nuclear foci and concomitantly a marked decrease in RAD51 positive foci ([Fig. 6](#f0030){ref-type="fig"}c). These results are thus consistent with our hypothesis that CDK4/6 inhibition is synthetic lethal with PARP inhibition through inducing downregulation of MYC expression and HR repair deficiency. Notably, although the drug combination failed to induce tumor regression, we did observe markedly reduced density of viable cells in tumors harvested at the end-point of the treatment from the combination group compared to either single-agent groups ([Fig. 6](#f0030){ref-type="fig"}d and e).Fig. 6Combined use of Olaparib and Palbociclib is effective *in vivo.* (a) Tumor growth curves of A2780 xenografted mice treated with Olaparib (50 mg/kg/day) and Palbociclib (125 mg/kg/day), either alone or in combination. The arrow indicates the treatment starting date. (b) Representative gross images of A2780 xenografted tumors isolated from mice in different treatment groups as indicated. (c) Representative images of immunohistochemical staining for proteins as indicated in A2780 xenografted tumors (*n* = 6 per treatment group) treated with Olaparib and Palbociclib either as single-agents or in combination for 4 days. Scale bar, 50 μm. (d) Representative images of H&*E*-stained A2780 xenografted tumors (*n* = 7--10 per treatment group) harvested at the end of the indicated treatments. Scale bar, 100 μm. (e) Quantification of cell density (number of tumor cells/area) of A2780 xenografts. Each symbol represents an individual tumor. Data are shown as the mean ± S.E.M. *\*\*P \<* 0.01; *\*\*\*P \<* 0.001 (one-way ANOVA with Tukey\'s multiple comparison test).Fig. 6

4. Discussion {#s0135}
=============

While both PARPi and CDK4/6i have shown promising clinical benefits to their respective molecularly defined cancers, there is an urgent need to develop new combination therapies to improve treatment response and overcome emerging drug resistance. Many preclinical and clinical trials are underway investigating the therapeutic potential of combining PARP inhibitors with anti-angiogenic agents (*e.g.* Cediranib and Bevacizumab) \[[@bb0140],[@bb0145]\], immunotherapies (*e.g.* antibodies to PD1/PD-L1 and CTLA-4) \[[@bb0150],[@bb0155]\], and other targeted (*e.g.* PI3K, HSP90 and ATR inhibitors \[[@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185]\] or chemotherapeutic agents \[[@bb0030],[@bb0190]\] ([www.clinicaltrials.gov](http://www.clinicaltrials.gov){#ir0080}). In the current study, we demonstrate the therapeutic synergy between PARP inhibitor Olaparib and CDK4/6 inhibitor Palbociclib in ovarian cancer cells *in vitro* and *in vivo*, and identify MYC status as a predictor for response to PARPi and CDK4/6i in combination. Mechanistically, CDK4/6 inhibition by Palbociclib is synthetic lethal with PARP inhibition by Olaparib through inducing HR deficiency in a MYC-dependent manner.

CDK4/6 inhibitors have demonstrated therapeutic efficacy in CDK4/6-dependent tumors with p16^INK4a^ loss or intact RB \[[@bb0095],[@bb0195]\]. However, recent studies also indicate that neither intact RB function nor the presence of *CDKN2A* loss necessarily predicts CDK4/6 dependence \[[@bb0200]\]. As CDK4/6 inhibitor-based combination therapies have continued to emerge, it is imperative to identify biomarkers of response or determinants of sensitivity in the combinatorial treatment setting. In the current study, Palbociclib sufficiently suppresses RB phosphorylation in all cell lines examined despite the variable responses to the combination treatment. Thus, apparently, loss of RB activity induced by CDK4/6 inhibition is not sufficient to predict the treatment response to combined use of Palbociclib and Olaparib. Instead, our data indicate that CDK4/6 inhibition-induced downregulation of MYC and its target genes appears reliable for predicting the response to the synergistic effect of CDK4/6 and PARP inhibitors.

The role of MYC in DNA damage response and genomic instability has been a subject of debate and controversy \[[@bb0205], [@bb0210], [@bb0215]\]. Previous studies have reported that deregulation of MYC could induce DNA damage and genomic instability \[[@bb0205],[@bb0210],[@bb0220]\]. MYC has been shown to bind to the promoters of a number of DNA double strand-break (DSB) repair genes and transcriptionally regulate multiple components of the HR repair pathway \[[@bb0225], [@bb0230], [@bb0235]\], suggesting a functional relationship between MYC and HR activity. Concordantly, MYC-driven tumors, often with *MYC* amplification or high MYC protein abundance, are associated with increased DSB marker γH2AX foci and HR repair activity \[[@bb0220]\]. Consistent with these previous reports, our data also suggest that MYC may positively regulate the expression of a number of key HR repair pathway genes including *RAD51*, *BRCA1* and *BRCA2*. Nevertheless, there are also several reports indicating an inverse correlation between MYC transcriptional activity and DNA repair activity or chromosome stability \[[@bb0240], [@bb0245], [@bb0250]\]. While MYC appears to regulate DNA damage response and genome integrity in a context-dependent manner, some of these previous studies suggest that increased MYC expression may be associated with improved sensitivity to PARP inhibition through downregulating HR repair gene expression. In fact, our work highlights the critical role of MYC-mediated HR repair function in the synergistic response to combined PARPi-CDK4/6i in ovarian cancer.

Our data herein indicate that CDK4/6 positively regulates the oncogenic activity of MYC in a subset of ovarian cancer cells. However, the effects of CDK4/6 on the expression and activity of MYC in cancer have been controversial, and likely occur in a tissue-specific manner \[[@bb0255],[@bb0260]\]. Our finding is concordant with a previous report that CDK4/6 mediates the proliferative and oncogenic activity of MYC in epithelial tissues \[[@bb0090]\]. Similarly, CDK4/6 inhibitor Ribociclib (LEE011) decreases the expression of E2F target genes including *MYC* and inhibits proliferation of aggressive thyroid cancer \[[@bb0255]\]. However, in contrast to the suppressing effect of CDK4/6 inhibition on MYC activity, works in HCT116 colon cancer cells have shown that siRNA-mediated CDK4/6 silencing results in an accumulation of MYC protein and its downstream network, a metabolic adaptive response of cancer cells to CDK4/6 inhibition \[[@bb0260]\]. While it remains to be investigated if CDK4/6i may regulate MYC in a tissue-specific manner, we provide evidence that Palbociclib induces downregulation of MYC and its target genes involved in HR repair, causing synthetic lethality with PARP inhibition in ovarian cancer cells.

High-grade serous ovarian carcinoma (HGSOC) is the most common histologic subtype of ovarian cancer. Due to significant tumor heterogeneity of HGSOC, it remains challenging to mimic and study such complex diseases using appropriate cancer cell line models. It has been reported by Domcke *et al* that a significant number of cancer cell lines commonly used (*e.g.* A2780 and SKOV3) in preclinical ovarian cancer research studies published to date exhibit molecular profiles very different from those of high-grade ovarian cancer patients samples \[[@bb0265]\]. Importantly, their work has identified several rarely used cell lines (*e.g.* OVCAR4, SNU119, and COV362) as the most suitable models of HGSOC. A recent more comprehensive cell line characterization study by Papp *et al* has confirmed the utility of these and other ovarian cancer cell lines for studying the disease at a preclinical level \[[@bb0270]\]. For example, EFO27 is a mucinous ovarian cancer cell line but it is high grade. IGROV1 contains a higher tumor mutational burden than commonly seen in ovarian cancer. In the current study, we used a diverse cell line panel of ovarian cancer to minimize cell line specific observations. The finding of this study may help extend the utility of the drug combination modality, *i.e.* Palbociclib plus Olaparib, to a broad spectrum of cancer types with similar genomic features with similar genomic features.

Ovarian cancers with high MYC levels are associated with poor prognosis and platinum resistance \[[@bb0275]\]. MYC amplification is present in up to 35% of HGSOC ([*www.cbioportal.org*](http://www.cbioportal.org){#ir0085}). Previous work using mouse models of autochthonous breast tumors has suggested that CDK4/6 inhibitors should not be used in combination with Carboplatin to treat tumors that depends on CDK4/6 activity for proliferation \[[@bb0200]\]. In the current study, we demonstrate the therapeutic synergy of Palbociclib and Olaparib in ovarian cancer cell lines featuring high-grade serous histology and harboring MYC amplification (SNU119 and COV362) \[[@bb0265]\]. Notably, the single-agent effects of Olaparib in these two cell lines requires higher drug concentrations than those other cell lines with high MYC levels (EFO27, OVCAR8, and A2780). However, consistent with our hypothesis, CDK4/6 inhibition by Palbociclib also induces homologous recombination deficiency through downregulation of MYC-regulated HR pathway genes, causing synthetic lethality with PARP inhibition in these HGSOC cell lines. Our finding may thus open a new avenue for the treatment of high-grade ovarian cancer patients with high MYC levels, including those carboplatin resistant cases.

A large number of early-stage clinical trials examining PARPi-based or CDK4/6i-based combination therapies are currently under way in a variety of human malignancies including ovarian cancer ([www.clinicaltrials.gov](http://www.clinicaltrials.gov){#ir0090}). However, none of these early trials involves a combination of these two classes of inhibitors, likely due to a lack of reliable biomarkers that are predictive of therapeutic response. In the current study, we demonstrate the synergistic responses to combined PARPi-CDK4/6i depend on MYC expression status in ovarian cancer. Our finding is in line with a recent report showing therapeutic synergy between CDK1/2/5/9 inhibitor Dinaciclib-induced MYC blockade and PARP inhibitors in triple negative breast cancer models through downregulation of *RAD51* expression and induction of HR repair deficiency \[[@bb0225]\]. Collectively, our finding of MYC-dependent therapeutic synergy between PARP and CDK4/6 inhibitors may warrant clinical assessment with a potential to benefit patients whose tumors show high MYC expression and who do not respond to PARP inhibitors or CDK4/6 inhibitors monotherapy.
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